The response of aluminium sandwich panels with three thicknesses' core subjected to different underwater loading levels has been studied in the fluid-structure interaction (FSI) experiments. The transient response of the panels is measured using a three-dimensional (3D) Digital Image Correlation (DIC) system, along with high-speed photography. The full-field shape and displacement profiles of dry face sheets were recorded in real time compared with those of monolithic plate. The out-of-plane deflection and in-plane strain were quantified and analyzed. Three typical deformation modes of sandwich panel were identified. The results show that the core structure is crushed resulting in an initial large circular shape of deformation in the center area of panels. From this moment on, the panel is starting to act as a free vibration beam with initial velocities. The deformation modes consisted of homogeneous large deformation for both face sheets, obvious deformation border on wet face sheet, core node imprinting, remarkable wrinkled skin of deformation border, and a partial delamination and partial tear failure of the dry face. The blast-resistance of sandwich panel can be highly efficiently improved by increasing the thickness of core structure.
Introduction
Sandwich structures that combine face sheets and core topologies are wildly used in ship, submersibles, and other marine engineering [1] [2] [3] . These metallic structures are susceptible to damage due to dynamic loading from underwater explosion (UNDEX) and their dynamic response and shock resistance have attracted great interest from engineering communities. Structural dynamic response caused by UNDEX is complex due to FSI, high deformation rates, short loading time, material nonlinearity, and so forth. In this situation, it is quite difficult to make analytical models to accurately describe the deformation mechanism and dynamic response of sandwich panels [4] [5] [6] [7] [8] . Although some simulation studies were carried out, because of complex core topology structure, research objects were mainly for beam structure [9] [10] [11] . Hence, it is necessary to perform underwater shock experiments and accurately measure and analyze deformation and strain field in the response process of sandwich panel subjected to underwater impulse.
In recent years, several experimental apparatuses incorporating FSI effects were developed to test scaled structures. Wei and Dharmasena [12] [13] [14] designed a dyno-crusher apparatus based on a cardboard cylinder containing the water. They investigated the dynamic response of the sandwich panels with five core topologies (square-honeycomb, triangular honeycomb, multilayer pyramidal truss, triangular corrugation, and diamond corrugation) by detonating explosive in water. LeBlanc and Shukla [15] [16] [17] developed a conical shock tube facility simulating the free-field pressure wave expansion in an open water environment. The transient response of composite panels was measured using a 3D DIC system, along with high-speed photography. Though it is feasible to achieve underwater impulse loads, the abovementioned apparatus all need to use explosives, which poses a certain hazard in some circumstances.
A cylinder-shaped underwater shock simulator, without using explosive, was firstly utilized by Deshpande et al. to investigate the one-dimensional FSI of sandwich panel with steel face sheets and an aluminium foam core in the laboratory [18] . Their research showed that the shock wave generated in the water is independently adjusted by varying the projectile velocity and mass, respectively. A strong FSI effect is shown to exist and a decoupled model based upon the Taylor free-standing plate analysis underestimates the degree of core compression. McShane et al. used this technique to load free-standing sandwich plates with square-honeycomb core and corrugated core [19] . They found that an initial cavitation event was associated with the early acceleration of the front face and a second cavitation event occurred after the sandwich core has compressed, when the sandwich was behaving as a monolithic plate. Schiffer and Tagarielli [20] studied the structural responses and cavitation processes through one-dimensional experiments and simulation. They pointed out the details of water cavitation strongly influencing the pressure histories on the sandwich structures and the imparted impulse is very sensitive to initial static pressure and strength of the foam core. In parallel studies, a novel diffuser type pressure tube was designed and the specimen panel out-of-plane full-field displacements were measured by means of shadow moiré and high-speed photography [21] . Using this experiment setup, Mori et al. studied the deformation and fracture modes of metallic sandwich structures [22, 23] . The studies showed that sandwich panels can lead to a reduction in panel deflection compared to solid panels of equal mass per unit area. The failure modes consisted of core crushing, core node imprinting/punchthrough/tearing, and stretching of the front face sheet for the pyramidal truss core panels. The work points out the synergies between structure geometry, materials, manufacturing methods, and threat levels as manifested by the strength of the impulse. The present study aims to investigate the dynamic behavior and deformation mode of clamped circular aluminium honeycomb sandwich panel when experimentally subjected to underwater impulsive loading. The shock pressure histories, generated in a laboratory-scale water shock tube apparatus, are well captured. Sandwich panels with three thicknesses' core layer were chosen to be carried out in ten loading levels. A high-speed photography system with two cameras is utilized to capture real-time images of the panel during underwater blast loading. The full-field data of the deformation during the shock events is obtained utilizing 3D DIC techniques and analyzed compared with that of solid plate. Postmortem visual observations of the test specimens are carried out to identify the deformation modes. The results are analyzed in normalized forms to gain insight into underlying trends that can be explored in the design of blastresistance for sandwich panels.
Specimen
The round specimens used in the tests consist of two face sheets and a core of honeycomb [24] . The mechanical properties of face sheets are provided in Table 1 . The HexWebs aluminium honeycomb core comprises a square array of hexagonal cells. The cell length and wall thickness ℎ are indicated in Figure 1 The diameter of the specimen exposed to the water blast pressure was chosen to be = 152.4 mm. To obtain a clamped boundary condition, 12 ring spacers were inserted to Shock and Vibration 
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Device. Generally, the freefield incident UNDEX impulsive loading in a fluid can be idealized as exponential pressure decay:
where is the peak pressure and is a characteristic decay time [25] . The free-field momentum (impulse/area) is given by
Therefore, three loading parameters, , , and , are the interest for each underwater shock experiment. In order to reproduce in a laboratory setting underwater explosive loading conditions, a scaled FSI experimental setup was developed by Espinosa et al. [21] . In the FSI setup, a water chamber made of a steel tube is incorporated into a gas gun apparatus ( Figure 3 ). The specimen panel and a 22 mm thick piston are installed at the rear end and the front (right) end, respectively. The exponentially decaying pressure history is produced by impacting the piston with a 5 mm thick flyer plate launched by a gas gun. The pressure histories are measured by dynamic high-pressure transducers installed in the positions of A and B. The peak pressure, , the initial decay time, 0 , and impulse of shock wave can be given by where 0 is the impact velocity of flyer plate, ℎ is the thickness of the flyer plate, = ( ) and = ( ) are the acoustic impedance values of water and solid, and are the diameters of the water tube at impact and pressure prediction locations, respectively, is the number of wave reverberations in the flyer plate, and Δ is the time required for the elastic longitudinal wave to twice traverse the flyer plate.
Experimental Procedure.
The recent fast development of DIC techniques is a nonintrusive optical technique for capturing complex heterogeneous displacement with relative ease in different domains of engineering [26, 27] . A 3D DIC measurement system including two synchronized high-speed cameras in a stereoscopic setup, two halogen lamps, and specialized software was used to capture the transient response of the back (dry) face sheet of the panels, Figure 4 (a).
The specimen with a randomized speckle pattern was clamped using a steel ring with 12 screws at the rear of anvil tube, Figure 4 (b). Two high-speed cameras, Photron SA5, were positioned behind the anvil tube to record the speckles on the dry face sheet. The distance from the lens of the camera to the specimen was about 1.5 m and each camera was angled at approximately 4 ∘ with respect to the symmetry plane. The cameras were calibrated by a grid pattern, and a framing rate of 50,000 frames/s (an interframe time of 20 s) was set with an image resolution of 512 × 272 pixels for 1 s time duration.
A TTL signal can be generated when the flyer plate impacts the piston. Thus, the pressure transducers and two high-speed cameras will be synchronized, triggered to record the pressure data and deformation images upon the arrival of shock wave. The postprocessing of deformation images was performed with the VIC-3D software to get the full-field shape and deformation measurements [16, 17] .
Results and Discussion
Underwater Pressure History.
In order to describe and explain the dynamic response of panels, occurring pressure wave and the resulting dynamic loading are investigated. All the sandwich panels were tested using a flyer plate, 5.0 mm thick, launched with different velocities. The amplitudes and overall trends of the pressure histories predicted by the experiments are shown in Figure 5 . At this point it must be mentioned that the starting point of time was the triggering moment of the measurement system. The plots show that the pressure histories measured were well captured by the dynamic high-pressure transducers during the time period of 200∼600 s. It confirms the fact that the pressure wave is similarly spherical and propagates in a radial manner [21] [22] [23] . The recorded pressure histories measured at position A, which exhibited steep rise, peak pressure of about 38.6 MPa, 56.6 Mpa, and 76.6 MPa, respectively, and subsequent exponential decay, are similar to that of the free-field incident UNDEX impulsive loading. The reflection from the specimen is observed as a second peak on the pressure histories at position B, which result in the large delay time and impulse loads.
The peak pressures at different positions are calculated using (3) , and the decay time of the initial incident shock wave is about 26.8 s predicted by (4) . The results are summarized in Table 2 . Due to energy attenuation, the experimental peak pressures measured at positions A and B are smaller than that predicted by an average of 8.1%. The decay times of shock wave at positions A and B can be obtained according to the pressure profiles. The impulse predicted by (5) is smaller than the experimental values, especially at position B because of the stack of reflection wave.
Typical Deformation Histories.
To obtain 3D full-field deformation a reduced area of interest of 120 × 46 mm 2 is selected. Figure 6 shows the panel out-of-plane displacement field during the shock at different time steps (from 320.0 to 1820 s). The major component is the out-of-plane displacement . Notice the shape of the deformation, which is approximating a circular shape in the first 800 s and evolves into a sinusoidal shape after 1020 s.
After impact, the shock wave travels through the water and arrives at the clamped panel, creating transient underwater impulsive loads. Initially at 320 s, the pressure is Shock and Vibration maximum but highly localized at the wet face sheet of the panel. After 320 s, the pressure decreases rapidly in amplitude but expands over the whole panel's wet face sheet. The impulse hence imparts momentum to the wet face sheet during a very short loading period, from 320 to 460 s. This momentum is large enough to continuously deform the wet face sheet after termination of the loading from the shock wave. Then, the core is crushed by the wet face sheet and consequently the wet face sheet is decelerated by the core while the core and the dry face of the sandwich panel are accelerated.
The out-of-plane displacement field history of Al plate is shown in Figure 7 to compare the deformation process. It can be found that, in the early stage of the deformation, the maximum deformation of the Al plate appeared at outer edge, while that of sandwich panel appeared in the center area. The nondimensional impulse applied to the plate was calculated based on , 0 , and the material properties of the specimen; that is,̂= /( ⋅ √ / ) [8] . The maximum deflection max was measured to be 14.7 mm and 16.8 mm for sandwich panel and monolithic plate, respectively. It is obvious that the dry face deflection sandwich panel with the mass of 5.20 kg/m 2 subjected to the larger impulse loading is less than that observed in monolithic plate with mass of 8.10 kg/m 2 .
The displacement and velocity profiles along the dry face sheet's -axis are shown in Figure 8 . Notice that the profiles are plotted from −60 to 60 mm, while the boundaries are located at −76 and 76 mm. It is very clear from Figure 8(a) that the deformation is almost constant over the whole panel until 800 s.
Because of the clamped boundary, speckle patterns close to the dry face sheet's borders are constrained and only have a very limited initial velocity. When the core, located in the central panel, has been crushed at 460 s, the wet face sheet and compacted core have the same given velocity of 14.5 m/s (see Figure 8(b) ). From this moment on, the panel is starting to act as a rigid-perfectly plastic clamped beam with initial transverse velocity, which is consistent with the assumption of Fleck and Deshpande [4] . Only the inertia forces of the panel's mass cause the panel to deform further. Therefore all points in the central area of dry face sheet are forced to move out of plane, resulting in an initial circular shape of deformation. The dry face sheet obtains a maximum deform velocity of 22 m/s at 660 s. This is clear from Figure 8 (a) where the deformation is almost constant over the whole panel until 800 s. And this explains why the shape of deformation evolves towards a sinusoidal shape, just as the first bending modal mode shape of the plate. Figure 9 presents the evolution of the normal in-plane strains . It can be noticed that until time 800 s the maximum normal strains occur close to the boundaries. Points close to the clamping area are constrained and higher strains occur in these areas. Further, when inertia forces are taking over, strains are developing in the center of the dry face sheet reaching maximum values of 0.016 (16,000 strain). The strain rates during the whole process are included in the intermediate rate domain (strain rates between 1 s −1 and 100 s −1 , [28] ). From 320 to 1280 ms, maximum strain rates of 50.5 s −1 occur close to the corners of the dry face sheet. Figure 10 shows images of aluminium honeycomb sandwich panel after the test. The plastic deformation of the back face sheet was homogeneous, and that of the wet face sheets shows a transition from center to periphery and the folds deformations were observed near the bolt holes. As observed in previous studies [21] , the FSI configuration employing bolts to achieve a clamped boundary condition allows some in-plane deformation of the specimen at the boundary. Evidence of slippage and hole ovalization is reported in Figure 10(d) .
The specimens subjected to nondimensional impulses of̂= 0.712 and̂= 1.147 were cut in half by waterjet machining and are shown in Figure 11 . In both cases significant core crushing close to the boundary is observed. However, the extent of core crushing in the center of the panel is different. Only the largest impulse resulted in significant plastic buckling of the core webs in the center of the section panel.
Case II.
A panel with a thicknesses core structure of 4.0 mm was tested using a flyer plate shot and impact velocity of 77.0 m/s. This resulted in a peak pressure of 20.47 MPa. The corresponding applied impulse was 10.0 N⋅s and the nondimensional applied impulsêwas 0.630. Figure 12 shows photographs of the panel after testing.
The maximum rear deflection was 14.7 mm and thus the nondimensional maximum deflection max / = 0.193. Figure 12 reports the observed deformation modes in this experiment. In this case, the difference is much more prominent. The deformation area of the wet face sheet shows very distinct boundaries, Figure 12 (b). Due to large deformation, a partial delamination occurred between the wet face sheet and the core structure, and the whole structure buckling appeared, as observed in Figure 12(c) . After the experiment, the panel was sectioned and imaged as shown in Figure 13 . It appears that almost complete core crashing occurred over the entire span of the sandwich structure.
Case III.
The sandwich panel with a thicknesses core structure of 7.5 mm was tested using a flyer plate launched at an impact velocity of 137.9 m/s. This resulted in a peak pressure of 36.65 MPa. The corresponding applied impulse was 17.91 N⋅s and the nondimensional applied impulsêwas 1.094. Figure 14 shows photographs of the panel after testing. The maximum rear deflection was measured to be 22.3 mm and the nondimensional maximum deflection max / = 0.293.
The failure modes observed in this experiment are reported in Figure 14 . In contrast to the case with Case II, the sandwich panel exhibited the same behavior for the dry and the wet face sheets: the deformation for both was homogeneous and the border of wet face sheet's deformation exhibits remarkable wrinkled skin, Figure 14(b) . Obvious imprints are observed on the wet face sheet, Figure 14 (c). Due to constraint of clamping ring, local border damage appearing on the constraint boundary of the dry face sheet is observed in Figure 14(d) .
After the experiment, the panel was sectioned and imaged as shown in Figure 15 . The specimen shows a homogeneous overall deformation in both face sheets. The core was completely collapsed at the boundary, which is consistent with Shock and Vibration the boundary condition depicted in Figure 13 . And a partial tear failure occurred between the dry face and the clamping ring, as shown in Figure 15 (b).
Shock Resistance.
Ten experiments were conducted on aluminium sandwich panels with flyers impact velocities between 77.0 m/s and 150.6 m/s. Maximum deflection and deformation/failure mode of sandwich panels with three core thicknesses were carried out at difference levels of blast as measured by /( ⋅ √ / ) and presented in Table 3 .
The initial peak pressure and impulse were predicted values by (3) and (5), respectively, rather than experimental value. The results show that the normalized maximum deflection of sandwich panels with the same core thickness will increase linearly with the dimensionless impulse. The deformation/failure mode also gradually evolves from Case I to Case III. The dimensionless impulse and normalized maximum deflection have been used to obtain the results plotted in Figure 16 . The contrast of numbers 0810#1 and 1016#2 shows that although the thickness of core has increased by 8 mm, the mass per unit area of the sandwich panels only was increased by 7.3%. In this case, however, the dimensionless impulse increases by 82.1%, but normalized maximum deflection only has increased by 22.8%. It is obvious that shock resistance of sandwich panels can be improved through increasing the thickness of core, when the panels have the same thickness wet and dry face sheets.
Conclusion
This paper focused on the study of the response and deformation mode of an aluminium honeycomb sandwich panel subjected to underwater blasting loading using a novel fluidstructure interaction experimental setup. The shock pressure histories were well captured by the dynamic high-pressure transducers at two locations of shock tube. Underwater impulsive loads applied to specimens were analyzed and predicted. 3D DIC technique coupled with high-speed photography is used to obtain the out-of-plane deformation, velocity, and in-plane strain on the dry face sheet of the panels with a frame rate of 50,000 fps.
Results show that the deformation process of aluminium honeycomb sandwich panel presents obvious circular deformation platform in the beginning of the event, which differs from that of monolithic plate. In this case, the dynamic response of sandwich is similar to dynamic response problems of a rigid-perfectly plastic clamped beam with initial transverse velocity.
Based on the observation of the current experiments, there were three typical deformation modes for sandwich panel subjected to underwater impulse. In Mode I, the deformation for both face sheets was homogeneous and the wet face sheet did not appear to have obvious deformation boundary. In Mode II, the wet face sheet's deformation shape exhibited obvious border with dense wrinkle except homogeneous deformation, and the whole structure buckling appeared. In Mode III, obvious imprints were observed on the wet face sheet and a partial tear failure occurred at the constraint boundary of the dry face sheet.
Furthermore, it can be verified that there was a direct linear relationship between the normalized maximum deflection and the dimensionless impulse. The shock resistance of sandwich panel is able to be effectively improved by increasing the core layer thickness, while the optimal thickness of face sheets and core layer still need to be explored.
